Introduction
Clostridium difficile is a Gram-positive bacterium that can cause mild to severe diarrhea (Kuijper et al., 2006) . Infections with this important gut pathogen can lead to life-threatening conditions such as pseudomembranous colitis and in some cases toxic megacolon (Smits et al., 2016) . Highly resistant C. difficile spores enter their host through the oral-fecal route. The spores survive the acid pH in the stomach and once they are exposed to primary bile acids, they can germinate into vegetative cells (Sorg and Sonenshein, 2008; Paredes-Sabja et al., 2014) . Depending on the state of the host commensal flora, and the metabolites present in the gut (Ferreyra et al., 2014) , C. difficile may colonize and expand in the colon, producing daughter cells and toxins that are responsible for the pathogenesis (Hryckowian et al., 2016) . Patients that have undergone an antibiotic regime have a higher chance of suffering from a C. difficile infection (Rupnik et al., 2009; Smits et al., 2016) . The antibiotics cause a dysbiosis by killing bacteria of the microbiota that are important for resistance against C. difficile infection (Schubert et al., 2015; Hryckowian et al., 2016) . Some microbiota are able to convert primary bile acids into secondary bile acids. The decrease in primary bile acids limits the number of spores that can germinate. Moreover, secondary bile acids inhibit the growth of vegetative cells (Buffie et al., 2015; Theriot et al., 2016; Winston and Theriot, 2016) .
In case vegetative cells are able to colonize (binding to the epithelial cells in the colon and local proliferation) they eventually can form infection centers that produce toxins and cause pseudomembranous lesions in the colon. The C. difficile toxins disrupt the colon epithelial layer by targeting the cytoskeleton and tight junctions, resulting in access to underlying tissue (Jank and Aktories, 2008) . Newly formed daughter cells may detach and spread to new sites, causing progression of the disease. The binding and release to and from target cells is mediated by C. difficile surface proteins and many different types of surface proteins can be found in Gram-positive bacteria (Desvaux et al., 2006) .
The vast majority of C. difficile cell wall proteins belongs to the large family of cell wall-binding proteins (CWPs), among which are the S-layer protein (Slp) (Calabi et al., 2001; Fagan and Fairweather, 2014) , the cysteine protease Cwp84 (Janoir et al., 2007) and the phase variable protein CwpV (Emerson et al., 2009) . The CWPs outnumber all other cell wall proteins and Slp is the most abundantly present protein on the surface of the vegetative cells. All CWPs are exported through the SecA1 or SecA2 system (Fagan and Fairweather, 2011) and they all contain three tandem CWB2 motifs, which are thought to be crucial for proper anchoring of the proteins to the anionic secondary cell wall polymer PS-II (Willing et al., 2015) . CWPs in Bacillus anthracis are non-covalently bound to a pyruvylated secondary cell wall polysaccharide through pseudotrimeric arrangement of their S-layer Homology (SLH) motif (Kern et al., 2010 (Kern et al., , 2011 . Recently, it was shown that, like the B. anthracis CWP SLH motif, C. difficile CWP CWB2 motifs form trimers (Usenik et al., 2017) , that are able to bind to PS-II (Willing et al., 2015) . For further details on the C. difficile CWPs, we would like to refer to a recent excellent review by Kirk et al (Kirk et al., 2017) . Instead, in this review, we will focus on the primary cell wall polymer of C. difficile (peptidoglycan) and the proteins which are covalently attached to it, with special emphasis on two proteins that are released from the cell surface by a highly specific secreted protease, Pro-Pro endopeptidase (PPEP-1).
Covalent attachment of proteins to the peptidoglycan in Clostridium difficile
The cell wall of almost all bacteria contains peptidoglycan (also known as murein), a protective mesh-like structure which is important for the maintenance of cellular integrity. Moreover, it serves as a scaffold for the anchoring of other cell wall components such as proteins, teichoic acid and secondary cell wall polymers. Covalent attachment of proteins to the peptidoglycan layer of Gram-positive bacteria is mediated by the activity of the cysteine transpeptidase sortase (Ton-That et al., 2004; Spirig et al., 2011) . Many bacterial species have multiple sortase enzymes belonging to different classes which are involved in the attachment of functionally different sets of proteins. The specificity of sortases is determined by a sequence motif which is recognized, and cleaved, in the C-terminal region of their substrates. This sequence motif is part of a larger cell wall sorting signal (CWSS), including a downstream transmembrane region and a C-terminal tail, containing primarily positively charged amino acids (Schneewind et al., 1993) . The housekeeping class A sortases, such as the canonical sortase A from Staphylococcus aureus, cleave substrates between the threonine and glycine within the conserved consensus motif LPXTG (where X denotes any amino acid). Following a transient sortase-substrate intermediate complex, involving a thioester bond, the substrate protein is then attached to the precursor for the biosynthesis of the peptidoglycan layer, Lipid II (Perry et al., 2002) . In the case of S. aureus sortase A, the amino group of the pentaglycine, involved in the cross bridge of the peptidoglycan layer, is the acceptor site, while for sortase A in other species the acceptor amino group may be different, depending on the natural composition of the peptidoglycan stem peptide and the mode of cross-linking (Vollmer et al., 2008) . In C. difficile peptidoglycan, the glycan chain is by a large fraction composed of glucosamine (GlcN), b1-4 linked to N-acetylmuramic acid (MurNAc) ( Fig. 1 ; Peltier et al., 2011; Bern et al., 2017) . The crosslinking does not involve any cross bridge and is either directly between the two 2,3-diaminopimelic acids (Dap), observed at position three (3-3 crosslinks) of the peptide stems (as shown in Fig. 1) , or, to a lesser extent, between the alanine at the fourth position and the Dap at the third position (4-3 crosslinks). Because 2,3-diaminopimelic acid contains two chiral centers, many different isomers can exist. Based on phylogenetic data, it is highly likely that the Dap in the peptidoglycan of C. difficile is meso-Dap (mDap) but this still has to be formally demonstrated.
Even though the LPXTG-motif for class A sortases is highly conserved, variations exist and other recognition motifs have been found for other sortases. For example, class B sortases recognize the NP(Q/K)(T/S)(N/G/S)(D/ A) motif (Spirig et al., 2011) and are involved in attachment of substrate proteins important in iron homeostasis.
Interestingly, in contrast to many other bacteria, C. difficile has only a single sortase gene (cd2718). Early bioinformatics analysis predicted that the C. difficile sortase recognizes an (S/P)PXTG motif instead of the canonical LPXTG motif (Pallen et al., 2001 ) but it was not until a few years ago that this was experimentally validated using in vitro assays with recombinant sortase and synthetic substrate peptides (Donahue et al., 2014; van Leeuwen et al., 2014; Chambers et al., 2015) . The total number of predicted C. difficile sortase substrates conforming to the (S/P)PXTG motif depends on the bioinformatics tool that was used for the prediction of CWSScontaining proteins and varies from 4 (van Leeuwen et al., 2014) to 7 (Donahue et al., 2014; Chambers et al., 2015) . The four putative substrates predicted by all analyses are two highly similar proteins, CD0386 and CD3392 (sharing 94% sequence similarity), which are found on transposons (Brouwer et al., 2012) , and CD2831 and CD3246. One of the other supposed substrates, CD2537, was not predicted to contain a signal peptide using the SignalP tool but a weak signal peptide was found by the Phobius webserver (Donahue, 2015) . The two remaining predicted C. difficile sortase substrates, CD0183 and CD2768, putative cell wall hydrolases similar to Acd (Dhalluin et al., 2005) , also have a bacterial SH3b domain, which has been shown to be involved in non-covalent peptidoglycan binding (Baba and Schneewind, 1996; Becker et al., 2009) . Moreover, these two proteins are predicted to be secreted by the PSORT webserver and were found as major proteins in a proteomic analysis of the C. difficile secretome . In our opinion, it is therefore highly likely that CD0183 and CD2768 are not genuine sortase substrates but this awaits experimental evidence.
CD0386 is indeed attached to the cell wall by the C. difficile sortase. This was demonstrated by biochemical analysis of subcellular fractions in a sortase knockout strain. The loss of cell wall-associated CD0386 in the sortase knockout strain resulted in a concomitant shift to the membrane fraction (Chambers et al., 2015) . The only detailed analysis of the cell wall anchor structure of C. difficile sortase substrates comes from elegant studies using modified CD2831 (Peltier et al., 2015) . Here, an extra arginine directly followed by an HA epitope (R-HA) was introduced just upstream of the PPKTG motif of CD2831, allowing CD2831 affinity purification from Proteins containing a cell wall sorting motif including the LPXTG-like motif (S/P)PXTG are covalently attached to the peptidoglycan layer by C. difficile sortase activity. Coupling occurs via the diaminopimelic acid (Dap, most probably meso-Dap (mDap)) which is part of the stem peptides of C. difficile peptidoglycan. Two C. difficile sortase substrates, CD2381 and CD3246, are released from the cell surface by the activity of a secreted C. difficile protease, Pro-Pro endopeptidase 1 (PPEP-1), which has unique specificity for cleaving between two prolines. The genes encoding PPEP-1 and its substrates are inversely regulated by c-di-GMP riboswitches. At higher c-di-GMP levels, expression of ppep-1 is low due to the presence of a c-di-GMP type I riboswitch ('OFF'at high c-di-GMP). However, under these conditions expression of cd2831/cd3246 is high due to the presence of a c-di-GMP type II riboswitch ('ON' at high c-di-GMP). A decrease of c-di-GMP results in the opposite: high expression of ppep-1 and low expression of cd2831/cd3246. The concentration of intracellular c-di-GMP is regulated by the activity of diguanylate cyclases (DGCs) and phosphodiesterases (PDEs). Many DGCs and PDEs have been identified in C. difficile but how their levels or activity are regulated is largely unknown. In several Pseudomonas species, low inorganic phosphate availability results in high expression of a PDE, through activation of the Pho-system, involving the transcription factor PhoB. A C. difficile gene encoding a PhoB (cd3267) has a c-di-GMP riboswitch type II, making it an interesting candidate for further study. Pst: phosphate specific transport. C-di-GMP: 3 0 -5 0 cyclic dimeric guanosine monophosphate.
Attachment and release of C. difficile surface proteins 665
cell wall extracts treated with endolysin. Proteolytic digestion of the affinity purified material using Arg-C (amongst others, cleaving after the arginine preceding the HA-tag) was then followed by another round of affinity purification. Subsequent mass spectrometry (MS) analysis clearly showed the anchoring of the threonine of the PPXTG motif to the m-Dap of the peptidoglycan layer ( Fig. 1) . The presence of a single sortase in C. difficile in combination with the set of substrates described above, suggests that this sortase is involved in functions attributed to the housekeeping sortase A in other species. However, structural analysis of the C. difficile sortase demonstrated that it has the highest resemblance with class B sortases (Chambers et al., 2015; Yin et al., 2016) . Additional modeling has been used to elucidate the unique specificity for the Ser and Pro at the first position of the consensus motif, but co-crystal structures are warranted to explain this in more detail. Interestingly, the C. difficile 630 genome contains a pseudo-gene, cd3146, encoding a sortase-like protein, with an inframe stop codon. Because this is located before the active site motif (TLxTC), it is expected that its expression will not result in a functional enzyme. The protein encoded by the gene next to cd3146, CbpA (CD3145) contains a CWSS with the sequence NVQTG, resembling sortase B substrates in other species. CbpA is located on the cell surface (Tulli et al., 2013) but the NVQTG motif is not cleaved by the C. difficile sortase (Donahue et al., 2014) . It has been hypothesized that CD3145 may have been the substrate of CD3146 (van Leeuwen et al., 2014) but experimental evidence for this, using a cd3146 construct lacking the in-frame stop coding, has hitherto not been presented. The sequence of cd3146 homologues is quite divergent among the various C. difficile ribotypes. Ribotype 027 (MLST clade 2), an important ribotype responsible for the large increase in cases around the year 2002, does not encode the protein at all, nor its putative substrate CD3145. In other clades of the C. difficile phylogeny, the cd3146 homologue contains only the one point mutation (Clade 1), or a number of mutations and deletions has occurred (Clade 3, 4 and 5). Interestingly, there is one strain described that contains a fully functional gene (strain VL_0045), albeit with a few amino acid changes, compared to strain 630. The strain also contains a cd3145 homologue and it would be interesting to test if in this strain the CbpA homologue is present on the peptidoglycan layer.
In general, sortase substrates are often involved in processes like bacterial colonization. CD2831 contains two domains that are predicted to form a so-called 'collagen hug' (Fig. 1) homologous to the Staphylococcus aureus CNA collagen binding domain (PDB ID: 2F6A).
Indeed, binding of CD2831 to collagen has been demonstrated in vitro (Hensbergen et al., 2015) . CD3392 and CD0386 contain putative Cna B domains, which are found in collagen binding proteins but are not directly involved in the binding but more in the projection of the actual collagen binding domain. Hence, the collagen binding activity of CD3392 and CD0386 is questionable, and alternative binding components should be considered. Attempts to predict the function of CD3246 have been problematic due to the absence of any structural homologs. However, recent experiments have shown that CD3246 belongs to a group of bacterial proteins containing an internal thioester. Members of this family of proteins mediate covalent attachment to host proteins, resulting in firm attachment (Walden et al., 2015) . Interestingly, cd3246 is not found in all C. difficile strains and is not present in the genome of the hypervirulent R20291 (PCR RT 027) strain, indicating that its role in virulence is dispensable.
Because of their function in targeting virulence factors to the cell surface and the fact that they are only found in Gram-positive bacteria, sortase enzymes have been considered good drug targets (Maresso and Schneewind, 2008) . A compound screen has identified several lead small molecules that inhibit the C. difficile sortase activity in vitro (Donahue et al., 2014) . It is, however, questionable if the C. difficile sortase is a suitable drug target, because a C. difficile sortase knockout was not attenuated in a hamster model for acute C. difficile infection (Chambers et al., 2015) . Because no in vivo experiments with C. difficile knockouts of sortase substrates have been performed it is unclear whether, at least in the hamster model, these proteins are not important for virulence or whether their membrane anchoring, without further targeting to the peptidoglycan, is sufficient for their function. We consider this highly unlikely and favor the view that the sortase substrates in C. difficile are involved in virulence and that peptidoglycan targeting is important for this.
PPEP-1-mediated release of covalently attached proteins from the cell surface of Clostridium difficile
In proteomic analyses of C. difficile secreted proteins, a metalloprotease with homology to anthrax lethal factor (ALF) was identified as one of the main proteins (Cafardi et al., 2013; Hensbergen et al., 2014) . Initial experiments identified several human proteins (e.g., fibrinogen, fibronectin and HSP90) as possible substrates for this enzyme but only after experiments focusing on the substrate specificity, the fascinating role of this novel enzyme was elucidated. Based on a set of biochemical and in vitro proteolytic assays using synthetic peptides, it was revealed that this protease has a unique preference for cleaving between two prolines, something that hitherto had not been described for any protease. Especially the preference for a proline at the P1 0 position (the C-terminal residue of the scissile bond) was one of the most striking characteristics of this protease. Hence, the name Pro-Pro endopeptidase, PPEP-1 (EC 3.4.24.89; formerly Zmp 1 and CD2830) was coined for this enzyme (Fig. 1) Hensbergen et al., 2015) .
Importantly, the elucidation of the substrate preference of PPEP-1 revealed two endogenous substrates. The C-terminal regions of the sortase substrates CD2831 and CD3246 turned out to contain multiple PPEP-1 cleavage sites (Fig. 1) ; six are present in CD2831 (as shown in Fig. 1 ) and seven in CD3246 . These PPEP-1 cleavage sites are located just upstream of the (S/P)PKTG motif. Indeed, endogenous PPEP-1 mediated cleavage of CD2831 and CD3246 could be demonstrated using mass spectrometric analysis of product peptides within conditioned medium of C. difficile cells. Importantly, this cleavage was only observed in WT cells and was absent in ppep-1 knockout cells, demonstrating the direct link between PPEP-1 activity and cleavage of these proteins (Hensbergen et al., 2015) . Of note, the PPEP-1 activity is sufficient to completely remove CD2831 from the cell surface when cells are in the stationary phase during in vitro growth (Hensbergen et al., 2015) , even in a system where CD2831 is overexpressed (Peltier et al., 2015) . Moreover, uncleaved endogenous CD2831 in the ppep-1 knockout could be removed from the bacterial surface by shaving it off with recombinant PPEP-1, further confirming the vital role for PPEP-1 in this cleavage (Hensbergen et al., 2015) . The importance of PPEP-1 could be questioned based on the fact that in a PPEP-1/ sortase double knockout, CD2831 and CD3246 are primarily found in the culture medium, suggesting PPEP-1 independent release (Peltier et al., 2015) . However, we feel that this result is due to the overexpression system used, in a sortase deficient context, and therefore does not represent a physiologically relevant observation.
The release of CD2831 coincided with a loss of collagen binding of wild-type cells in comparison to ppep-1 knockout cells, which retain CD2831 on the cell surface (Hensbergen et al., 2015) . This is in line with the collagen binding activity of CD2831 described above, although a contribution of CD3246 cannot be excluded. To gain further insight, it would therefore be interesting to study the phenotype of a ppep-1 knockout in C. difficile ribotype 027 because, as mentioned above, it lacks CD3246. In vivo, the ppep-1 knockout in the 630Derm strain showed attenuated virulence in a hamster model (Hensbergen et al., 2015) .
Based on the total number of cleavage sites observed in CD2831 and CD3246, a consensus cleavage motif could be discerned ((V,I,L)NPP(V,A,I)P; P 3 -P 3 0 ). Besides the Pro-Pro surrounding the scissile bound (in bold), this motif shows a preference for an Asn at the P 2 position and a Pro at the P 3 0 position. Two studies have strived to elucidate the structural elements of PPEP-1 that are important for its unique cleavage specificity. A crystal structure and a nuclear magnetic resonance-based analysis of the solution structure revealed similarities between the structure of PPEP-1 and the C-terminal, catalytic domain of ALF but also demonstrated some major differences (Schacherl et al., 2015; Rubino et al., 2016) . Part of this relates to the contact of the catalytic domain of ALF with other domains in this large, multidomain protein, which are absent in PPEP-1. The most pronounced difference associated with the catalytic activity is a large so-called S-loop (see below), which is observed in PPEP-1 but not in ALF. The analysis of several PPEP-1 mutants showed that the Zn 21 -coordination within the active site is characteristic for the zincin superfamily, involving the histidine residues within the conserved HExxH motif, supported by Glu-185 and a water molecule (Rubino et al., 2016) . The co-crystal structure of a catalytic dead mutant of PPEP-1 with a substrate peptide has revealed some of the unique characteristics of the catalytic domain of PPEP-1 (Fig. 2 ) related to its substrate preference (Schacherl et al., 2015) . First of all, the primed site of the substrate peptide is bound in a 'double kinked' configuration, due to the presence of a so-called 'diverting loop' within the active site (Fig. 2, green loop) . Second, two specific interactions with the Asn at the P2 position were observed which nicely explain the preference for this position. Third, the binding of the substrate peptide is supported by a unique aromatic-aliphatic side-chain stack within the active site of PPEP-1. Finally, comparison between the substrate-free and substrate-bound form showed major differences in the positioning of the S-loop mentioned above (Fig. 2) . This loop faces more towards the active site upon substrate binding and therefore seems to lock the substrate in the correct position. In line with this, deletion of the residues forming this loop (D92-114) completely abolished the activity of PPEP-1 while no major structural changes in the rest of the protein were observed, and the Zn 21 coordination remained unaltered (Rubino et al., 2016) .
The dual role of c-di-GMP
The very efficient cleavage of CD2831 and CD3246 by PPEP-1, resulting in their full removal from the cell surface in vitro, asked for a regulatory mechanism that Attachment and release of C. difficile surface proteins 667
would allow cell surface display of CD2831 and CD3246 in the absence of PPEP-1 secretion. It became apparent that earlier studies on c-di-GMP (3 0 -5 0 cyclic dimeric guanosine monophosphate) riboswitches in C. difficile (Soutourina et al., 2013) provided a very elegant mechanism.
Riboswitches are short RNA sequences, usually located upstream of an open reading frame (Edwards et al., 2007) , which bind small ligands through an aptamer domain. Two types of c-di-GMP riboswitches have been identified (Sudarsan et al., 2008; Breaker, 2012) which, upon binding to c-di-GMP, can either induce a premature transcription termination (c-di-GMP riboswitch type I) or enhance transcription initiation (c-di-GMP riboswitch type II). Consequently, a type I riboswitch is 'on' at low c-di-GMP concentrations, allowing transcription of the gene under control, while a type II riboswitch is 'on' at high concentrations of c-di-GMP. In the genome of the C. difficile 630 strain, sixteen c-di-GMP riboswitches are found (Sudarsan et al., 2008; Lee et al., 2010; Chen et al., 2011) . Remarkably, the genes encoding the protease PPEP-1, and its substrates CD2831 and CD3246, are inversely regulated by c-di-GMP (Fig. 1) , due to the presence of either a c-di-GMP type I (PPEP-1) or type II (CD2831 and CD3246) riboswitch (Soutourina et al., 2013) . Interestingly, ppep-1 (formerly cd2830) and cd2831 are adjacent genes in the C. difficile genome and their inverse regulation by c-di-GMP has been experimentally demonstrated (Soutourina et al., 2013) .
Following the functional characterization of PPEP-1 presented above, a model was proposed where PPEP-1 and its substrate proteins play a central role in the switch from a sessile to motile lifestyle in C. difficile . In this model, an elevated intracellular c-di-GMP concentration not only promotes the expression of the collagen-binding protein CD2831 (and CD3246), but, at the same time, down-regulates the expression of the protease PPEP-1. Inversely, lowering of the c-di-GMP concentration would not only cease transcription of cd2831 and cd3246, but at the same time would induce ppep-1 expression resulting in the removal of CD2831 and CD3246 present on the cell surface. In addition to these effects, flagellar genes (c-di-GMP type I riboswitch) and the type IV pilus locus (c-di-GMP type II riboswitch) probably also play a role (Purcell et al., 2012; .
The role of c-di-GMP in this model fits with the wellestablished function of c-di-GMP in the control of motility vs. adhesion/biofilm formation (Simm et al., 2004; Tischler and Camilli, 2004; Hengge, 2009) . In general, a low c-di-GMP concentration is associated with a motile, planktonic state, due to an enhanced expression of, amongst others, motility genes such as those encoding flagellar proteins. In contrast, higher intracellular concentrations of c-di-GMP are associated with a sessile phenotype, resulting from higher levels of adhesion molecules. This promotes both surface adhesion and cellto-cell interactions, with the formation of aggregates and micro-colonies. Also in C. difficile, this role of c-di-GMP has been well established (Purcell et al., 2012) . Although in many bacteria proteins with a PilZ domain, also defined as c-di-GMP receptors (Amikam and Galperin, 2006) , form the major group of c-di-GMP ligands, in C. difficile, which only encodes for one Pilz domain containing protein (CD2545), c-di-GMP riboswitches seem to play a major role .
C-di-GMP is synthetized from GTP (guanosine triphosphate) by diguanylate cyclases (DGCs), which function as homodimers. Every DGC binds a GTP molecule with its catalytic GGDEF domain, named after the conserved sequence of amino acids (Ausmees et al., 2001; Ryjenkov et al., 2005) , and an antiparallel dimerization allows the synthesis of one c-di-GMP molecule from two GTPs. Inversely, c-di-GMP is degraded by phosphodiesterases (PDEs) into pGpG (5 0 -phosphoguanylyl-3 0 -5 0 guanosine) that is then further processed into two GMP (guanosine monophosphate) molecules. The catalytic activity of PDEs is dependent on two conserved protein domains, the EAL (Christen et al., 2005) and HD-GYP domains (Ryan et al., 2006) . Whole genome sequencing studies have identified many DGCand PDE-coding sequences and these genes are Fig. 2 . Co-crystal structure of Clostridium difficile PPEP-1 with a substrate peptide. Following binding, the peptide VNPPVP (sticks), covering the P 3 -P 3 0 position of a PPEP-1 substrate (P 1 -P 1 0 prolines of the cleavage site are shown in orange), is locked in the correct position by the S-loop (in purple). In the unbound state, this loop faces more away from the active site. Note that the primed side of the substrate peptide is coordinated in a double-kinked configuration (axes connecting C a atoms of P 1 -P 1 0 & P 1 0 -P 2 0 (for hinge P1 0 ) and P 1 0 -P 2 0 & P 2 0 -P 3 0 (for hinge P2 0 ) are shown in black) due to the presence of a diverting loop (in green). Red ball: Zn 21 . Picture based on PDB: 5A0X (Schacherl et al, 2015) using Pymol v1.7.4. widespread in almost every bacterial genome (Galperin et al., 2001; Galperin, 2006) . In the C. difficile 630 genome, 18 proteins with a GGDEF, 1 protein with a EAL and 18 proteins with both domains were identified (Bordeleau et al., 2011) . Although some of these are unique for the 630 strain, most of them are also found in other C. difficile strains. The function of many of the DGCs and PDEs was confirmed by motility and biofilm assays using Vibrio cholerae, heterologously expressing the individual C. difficile enzymes (Bordeleau et al., 2011) . Importantly, in accordance with the model described above, overexpression of a cyclase (dccA) in C. difficile is accompanied with enhanced stable anchoring of the CD2831 to the cell surface (Peltier et al., 2015) . Moreover, in cells with constitutive overexpression of dccA, PPEP-1 activity in the medium is very low (unpublished data).
Even though crucial for understanding the relation between c-di-GMP and cell biological or physiological responses, the detection of c-di-GMP is not trivial. Several MS-based methods for the quantification of c-di-GMP have been described (Spangler et al., 2010; Koestler and Waters, 2013; Gao et al., 2013) and the choice of method is pivotal to discriminate between c-di-GMP and other, highly similar, molecules. Detection of endogenous levels of c-di-GMP in C. difficile appears to be difficult; Peltier and colleagues could not detect it without overexpressing dccA while Purcell et al. found intracellular concentrations between 15 and 50 nM which upon over-expression of dccA increased over a 1000-fold (Purcell et al., 2012; Peltier et al., 2015) . In addition to the difficulty of measuring endogenous levels of c-di-GMP, total cellular levels probably do not accurately recapitulate the spatial variation that can occur within a cell, generating local effects (Paul et al., 2004) . In addition, this approach provides information about the average concentration of c-di-GMP in the bacterial culture analyzed, hampering the identification of heterogeneity that could be present between cells, for example within a colony (Nair et al., 2016) . The development and application of fluorescence-based reporters has opened some new research avenues. For example, fluctuations of the c-di-GMP concentration in vivo were detected by a GFP reporter assay using the promoter of cdrA, a large adhesin whose expression, in P. aeruginosa, is highly increased in the presence of c-di-GMP (Rybtke et al., 2012; Baraquet and Harwood, 2015; Rugjee et al., 2016) . Additionally, the development of riboswitchbased biosensors has provided an excellent tool to quantify c-di-GMP in living cells (Kellenberger et al., 2015a (Kellenberger et al., , 2015b (Kellenberger et al., , 2015c . Such innovative strategies provide an important toolbox for future c-di-GMP related research, also in C. difficile.
Conclusions and future perspectives
Despite the recent advances in our understanding of the covalent cell surface attachment and PPEP-1-mediated release of CD2831 and CD3246, and the role of c-di-GMP, many questions remain unanswered. First of all, the in vivo role of sortase, PPEP-1 and their substrates needs further exploration. Given the current model of a role for CD2831 and CD3246 in adhesion, studies in a mouse model for colonization are probably better suited. The existing data comes from experiments in hamsters which are considered more appropriate for testing toxicity. The high number of PPEP-1 cleavage sites in CD2831 and CD3246 indicates that it is an important feature and the current data supports the model where PPEP-1 mediated cleavage of CD2831 and CD3246 is involved in switching from a sessile to motile phenotype and therefore probably affects more dissemination rather than initial colonization. Hence, although knockouts of CD2831 and CD3246 will provide data on the role of these proteins for virulence, this will probably be related to the overall importance in colonization and will mechanistically be distinct from the PPEP-1 knockout. CD2831/CD3246 mutant strains lacking PPEP-1 cleavage sites could be more suitable but, given the large number of PPEP-1 cleavage sites, this could potentially interfere with overall CD2831 and CD3246 structural integrity.
In addition, the identification of the environmental factors that directly or indirectly influence the intracellular concentration of c-di-GMP in C. difficile and, more specifically, the link of a specific DGC or PDE to the control of the ppep-1 and cd2831/cd3246 expression is needed. Many possible conditions, such as nutrient shortage or stress, may be involved (Martin-Verstraete et al., 2016) and among these, we favor a role of inorganic phosphate (P i ). Commonly, changes in environmental P i -concentration activate the Pho-regulon which is not only involved in intracellular phosphate homeostasis, but also modulates virulence (Chekabab et al., 2014) . In general, the Pst system, which is involved in the transport of P i , is necessary for P i signal transduction and forms a link with the PhoR/PhoB two component-system (Hsieh and Wanner, 2010) . When the extracellular P i concentration is limited, the sensor kinase PhoR is autophosphorylated and subsequently, the phosphate group is transferred to the effector PhoB that acts as transcription factor, usually an activator, binding the so-called Pho box in the promotor region of target genes. Interestingly, in several Pseudomonas species the activation of the Pho regulon results in the loss of adhesion and inhibition of biofilm formation (Monds et al., 2001) through PhoB-mediated induction of the phosphodiesterase RapA (Monds et al., 2007) , resulting in cleavage of the Attachment and release of C. difficile surface proteins 669 adhesion molecule LapA on the outer membrane by the periplasmic protease LapG , similar to PPEP-1 mediated release of CD2831 and CD3246. The link between lower c-di-GMP and cleavage of LapA is the periplasmic protein LapD (Newell et al., 2009) which sequesters LapG (preventing LapA cleavage) in the presence of c-di-GMP (Navarro et al., 2011) .
Even though in C. difficile c-di-GMP riboswitches are involved in the control of PPEP-1 mediated release of cell surface proteins, instead of c-di-GMP sensing proteins, it would be interesting to study the role of the Pho operon and the link with the activity of certain DGCs and/or PDEs. In the C. difficile 630 genome, an operon encoding the Pst system (CD3260-CD3263, CD3268) is present. In close proximity, a putative PhoR (CD3266) and two putative PhoB homologs can also be found (CD3265 and CD3267). Interestingly, cd3267 contains a c-di-GMP type II riboswitch making it an interesting candidate. The model predicts that this riboswitch is associated with a sessile phenotype, which would indicate that it is part of a negative feedback loop. Moreover, because PhoB can also act as a repressor (Chekabab et al., 2014) many possible scenarios for influencing either a DGC or a PDE exist. Nonetheless, the role of low P i availability and the involvement of CD3267 (and CD3265) related to the DGC/PDE-c-di-GMP-PPEP-1-(CD2831/CD3246) axis (Fig. 1) seems an interesting topic for further study. Prediction of Pho-boxes, for example in the set of genes encoding PDEs and DGCs in C. difficile is not straightforward, and molecular biology assays should be used to identify the targets of CD3267 in C. difficile.
Most of the data discussed in this review comes from experiments with the 630 strain. Although for most proteins, homologs are found in other strains (with the notable exceptions being CD3145, CD3146 and CD3246), differences in the peptidoglycan, (non-) covalently attached surface proteins, regulation of c-di-GMP may exist between different C. difficile strains. How much of this contributes to the difference in virulence or antibiotic resistance remains to be established. In a broader context, the functional elucidation of PPEP-1, with its unique specificity, calls for further exploration to find out whether PPEP-1 is unique for C. difficile or whether it belongs to a wider group of proteases with similar specificities. Interestingly, a bio-informatics analysis showed that the closest PPEP-1 homologs are not found in other Clostridia but in the group of Paenibacilli and Geobacilli but for none of these it has hitherto been demonstrated whether they are indeed Pro-Pro endopeptidases, nor whether their endogenous substrates are also cell surface proteins. The lack of PPEP-1 homologs in other Clostridia also warrants further analyses on the evolutionary relationship between PPEP-1 and its homologs, and their origin.
Finally, the mechanistic insights into the complex interplay between the covalent attachment and release of cell surface proteins involved in adhesion in C. difficile, provide a nice framework for the development of specific inhibitors that could interfere at many different steps in the underlying processes. It remains to be seen if inhibitors like that can be developed into compounds that may block C. difficile infections and as such can help to combat this important gut pathogen.
